, and reaction time of 40 min) Fenton treatment removed about 46% of chemical oxygen demand (COD) and increased the five-day biochemical oxygen demand (BOD 5 ) to COD ratio (BOD 5 /COD) from 0.01 to 0.15. The highest removal efficiency and biodegradability was achieved by ozone at higher pH values, solely or combined with H 2 O 2 . These results confirm the enhanced production of hydroxyl radical under such conditions. After the application for 60 min of ozone at 5.6 g O 3 h À1 , initial pH 7, and 400 mg L À1 of hydrogen peroxide, COD removal efficiency was 72% and BOD 5 /COD increased from 0.01 to 0.24. An estimation of the operating costs of the AOPs processes investigated revealed that Fe 2þ /H 2 O 2 was the most economical system (8.2 V m À3 g À1 of COD removed) to treat the landfill leachate. This economic study, however, should be treated with caution since it does not consider the initial investment, prices at plant scale, maintenance and labour costs.
Introduction
The generation of leachate remains an inevitable consequence of the practice of waste disposal in sanitary landfills (Wang et al., 2010) . Leachate from mature landfills is typically characterised by high ammonium (NH 4 þ ) content, low biodegradability (low BOD 5 /COD ratio) and high fraction of refractory and large organic molecules such as humic and fulvic acids (de Morais and Zamora, 2005; Deng and Englehardt, 2006) . In many cases, after treatment by a series of oxidation processes, mature landfill leachate still presents high concentrations of recalcitrant and nitrogenous compounds. Biological processes are not effective for this type of leachate.
In the last two decades, AOPs have been considered an attractive means to eliminate colour, reduce the organic load and improve the biodegradability of recalcitrant contaminants of mature leachates (Deng and Englehardt, 2006; Kochany and Lipczynska-Kochany, 2009; Renou et al., 2008) . These processes involve the production of free radical species, mainly the hydroxyl radical ( OH). The hydroxyl radical is produced from single oxidants such as ozone (O 3 (Renou et al., 2008; Rosenfeldt et al., 2006) . The combination of Fe 2þ and H 2 O 2 is called Fenton oxidation.
Fenton oxidation has been extensively studied for the treatment of mature landfill leachates. In this advanced oxidation technology, under optimum pH, ferrous ions react with hydrogen peroxide to generate the hydroxyl radical in a very simple and cost-effective manner (Deng and Englehardt, 2006) .
Ozone (not decomposed, pH < 6) is a strong oxidiser having high reactivity and selectivity towards organic pollutants such as aromatic compounds (Lucas et al., 2010; Lin et al., 2009) . Furthermore, as the standard oxidation potential of the hydroxyl radical (E 0 ¼ 2.80 V) is much higher than that of ozone (E 0 ¼ 2.07 V), the use of ozone at high pH (O 3 /OH À ) or in a combination with H 2 O 2 (O 3 / H 2 O 2 ) favours the production of hydroxyl radicals and accelerates the removal of recalcitrant organic matter from complex wastewater matrices (Lucas et al., 2010; Tizaoui et al., 2007) . Ozonation under alkaline conditions and the combination of ozone with hydrogen peroxide have proved to be effective advanced oxidation processes for landfill leachate (Haapea et al., 2002; Tizaoui et al., 2007) .
Although AOPs are very effective for the treatment of refractory organic pollutants, if they are applied as the only treatment process, they will be expensive. A promising economical alternative to complete the oxidation of refractory compounds is the use of an advanced oxidation technology as pre-treatment to convert initially biorecalcitrant compounds into more readily biodegradable intermediates, followed by biological oxidation of these intermediates to biomass and water (Lin and Kiang, 2003) .
This research was conducted to investigate the efficacy and feasibility of Fenton treatment and different ozone-based advanced oxidation processes (O 3 , O 3 /OH À and O 3 /H 2 O 2 ) as pre-treatment steps of a mature landfill leachate, in order to improve its biodegradability for subsequent biological treatment. The effects of initial pH, oxidants concentration and reaction time on the performance of each AOP tested were evaluated in terms of COD, total organic carbon (TOC), BOD 5 , nitrogenous compounds and aromaticity. A rough estimate of the operating costs involved in each type of pre-treatment was also performed to compare their economical feasibility.
Materials and methods

Landfill leachate
Landfill leachate was collected from a municipal landfill in the North of Portugal, in operation since 1998. The current treatment plant in the sanitary landfill comprises stabilisation, anaerobic ponds, an anoxic tank, aerated ponds and a biological decantation unit, together with an oxidation tank and two chemical precipitators. However, even after the post-treatment at the end of the process, the leachate still does not meet the maximum allowable nitrogen and organic matter concentrations for direct discharge, according to DL 236/1998, of August 1 (Portuguese Ministry of Environment, 1998) . The characteristics of the undiluted leachate are listed in Table 1 .
The low value of the BOD 5 /COD ratio (0.01) and the high content of nitrogen-ammonium (N-NH 4 þ ), indicate that this leachate is mature and must be rich in refractory compounds. Another important feature of this leachate is the high nitrogen-nitrate (N-NO 3 À ) content. An economical approach to treat this leachate can be achieved by combining an advanced oxidation process with the degradation of the refractory compounds into biodegradable organic matter, and using these products as a carbon source for removal of nitrogenous compounds in biological processes.
All experiments were carried out with two-fold diluted leachate due to the high nitrate load of the undiluted leachate, since the Fenton treatment or a different ozone-based advanced oxidation process (O 3 , O 3 /OH À and O 3 /H 2 O 2 ) would be applied as pre-treatment step, in order to improve the leachate biodegradability for subsequent biological treatment.
Fenton treatment procedure
Fenton oxidation experiments were carried out at room temperature (22 AE 1 C) and atmospheric pressure in magnetically stirred batch reactors with two-fold diluted leachate. The pH of the leachate was adjusted using H 2 SO 4 95e97% (w/w). The predetermined Fe 2þ dosage was achieved by adding the necessary amount of solid FeSO 4 $7H 2 O. A calculated volume of 35% (w/w) H 2 O 2 solution was added in a single step. After the fixed oxidation time (120 min), sodium hydroxide was added to increase the pH above 7 and mixed for 10 min. Stirring was turned off and the sludge was allowed to settle for one hour. Finally the supernatant was centrifuged for 10 min at 10,000 rpm and the samples were analysed. Experiments were conducted in duplicate and the results were averaged.
Ozonation procedure
Ozonation experiments were performed in an acrylic column, 69.5 cm high and 8.2 cm internal diameter. Ozone was produced from pure oxygen using an ozone generator (Anseros Peripheral Com-AD-02). The ozone and oxygen mixture was continuously introduced into the column through a ceramic diffuser placed at the bottom and 1 L of two-fold diluted leachate was treated for 60 min. The inlet and outlet concentrations of ozone in the gas phase were measured at l ¼ 254 nm using an ozone analyser (Anseros Ozomat GM-6000-OEM) throughout the experiments. The gas flow rate was 50 L h À1 and the input ozone concentration was about 0.112 g O 3 L
À1
. The residual gas was vented through the catalytic ozone destruction unit. Effluent samples were withdrawn regularly and analysed.
Ozonation experiments were carried out at adjusted pH values of 7, 9, and 11. These pH values were achieved using sodium hydroxide (NaOH). Advanced oxidation with hydrogen peroxide and ozone was also studied. In these tests the pH of the leachate was adjusted to 7 (Staehelin and Hoigné, 1982) and, before ozone was supplied, H 2 O 2 at concentrations of 100, 200 or 400 mg L À1 was injected in a single step to the column. The samples collected from these experiments were treated with NaOH to quench the reaction of residual H 2 O 2 .
All experiments were carried out at room temperature in duplicate and the results were averaged.
Analytical methods
The leachate was characterised before and after oxidation experiments. COD, BOD 5 , nitrogen-nitrite (N-NO 2 À ), and nitrogenammonium (N-NH 4 þ ) concentrations were determined according to Standard Methods (APHA et al., 1989) . It is important to note that during this work, since acidic and basic pH can affect microbial activity, BOD 5 measurements were done after neutralizing the pH of the sample, as recommended in Standard Methods (APHA et al., 1989) .
Nitrate (NO 3 À ) concentration was measured by high-performance liquid chromatography (HPLC), using a Varian Metacarb column (type 67H, 9 mm, 300 mm long, 6.5 mm internal diameter) and a mobile phase of 0.005 M sulphuric acid (H 2 SO 4 ) at 0.7 mL min
À1
. Column temperature was set at 60 C and nitrate was detected by UV at 210 nm. Ultraviolet absorbance at 254 nm (UV 254 ) was obtained with a Jasco V-560 spectrophotometer using a 1 cm quartz cell. TOC analyses were performed using a Dohrmann DC-190 TOC Analyser.
Results and discussion
The mature landfill leachate was treated in order to decompose its recalcitrant compounds and increase its biodegradability using 
2.614 AE 0.023 e different advanced oxidation systems: Fenton treatment, ozone, ozone at alkaline pH and ozone combined with H 2 O 2 . The efficiency of the selected methods depends on many factors including the presence of inorganic and organic substances in the leachate, pH, reaction time and oxidants concentration. Treatability studies were carried out to determine the optimum conditions of each process and its effects on biodegradability. Removal of carbonaceous and nitrogenous compounds, and ultraviolet absorbance at 254 nm was also evaluated. The results obtained are useful to select the bestadvanced oxidation process and optimum conditions to be applied to the mature landfill leachate before biological treatment. These data might also lead to a better understanding of the chemical oxidation by Fenton oxidation and ozonation, as well as the role of pH, ferrous ion and hydrogen peroxide concentrations and contact time during degradation of recalcitrant wastewater.
Fenton treatment
Degradation of pollutants by the Fenton process is most effective in acidic environments due to higher production of hydroxyl free radicals ( OH) (de Morais and Zamora, 2005; Kochany and LipczynskaKochany, 2009 ). Optimal pH values reported for conventional Fenton processes for landfill leachate treatment typically range between 2 and 4.5 (Deng and Englehardt, 2006) . This is evidenced in Table 2 , which reports the results of the process under different initial pH.
In accordance with literature (Deng, 2007; Lopez et al., 2004) , pH 3 resulted in the highest COD and TOC removal efficiencies. At lower pH (<3), the COD removal efficiency decreased, primarily due to the lower reaction rate of [Fe(H 2 O)] 2þ and H 2 O 2 (Szpyrkowicz et al., 2001) , the increased scavenging of OH by H þ (Gallard et al., 1998) , and/or the inhibition of the reaction between Fe 3þ and H 2 O 2 due to high concentrations of H þ (Tang and Huang, 1996) . By contrast, COD removal efficiency dropped mainly as the pH exceeded 5, due to the increasing rate of auto decomposition of H 2 O 2 , deactivation of iron ions into iron oxyhydroxides, the increased scavenging effect of carbonate and bicarbonate on OH, and/or the decreased oxidation potential of OH. As can be seen in Table 2 , the effect of pH on mineralization (TOC removal) is similar to COD removal efficiency, although slightly lower, under the same operating conditions. This phenomenon was observed throughout the Fenton study and is probably related with the accumulation of carboxylic acids as final products (Cañizares et al., 2009) . Therefore, further data related to TOC in Fenton treatment will be not shown.
The absorbance at 254 nm (UV 254 ) could represent the degree of aromaticity and unsaturated compounds present in wastewater (Sevimli, 2005) . Thus, a decrease in the UV absorbance might reflect a decrease of recalcitrant compounds and an increase in the BOD 5 / COD ratio. From Table 2 it can be observed that UV absorbance removal was also favoured at pH 3. The lower COD removal compared to UV 254 removal can be explained by incomplete or partial oxidation of organic materials.
As mentioned before, mature landfill leachate typically presents high concentrations of nitrogenous pollutants, which is undesirable since these compounds are harmful to environment and human health. In our experiments, N-NO 2 À , N-NO 3 À , and N-NH 4 þ concentrations practically did not change after the Fenton process, for the different pH values tested (Table 2 ). This is in agreement with the results of Wang et al. (2001) . Other studies reported that only with high H 2 O 2 concentrations in the Fenton process eliminate ammonium and the main by-products are gaseous N 2 and nitrate (Goi and Trapido, 2002) . Therefore, further data related to nitrogenous compounds in Fenton treatment will be not shown.
To assess the effect of different pH on leachate biodegradability, BOD 5 measurements were carried out after 120 min of Fenton treatment. The results of COD, BOD 5 and BOD 5 /COD as a function of pH are depicted in Fig. 1 . It can be seen that Fenton treatment led to an increase in BOD 5 concentrations for all pH values tested. BOD 5 improvement may be attributed to the presence of oxidation byproducts with small molecular weights and thus more easily biodegradable, and/or the reduction of the toxicity effect of some organic compounds due to their degradation. BOD 5 increased from 5 to 28 mg L À1 at pH 3. The increase in BOD 5 and the decrease in COD led to an increase in the BOD 5 /COD ratio. The biodegradability improvement also confirms the occurrence of a partial oxidation process.
Based on the results, further experiments were performed at pH 3. In Fenton treatment neither H 2 O 2 nor Fe 2þ must be overdosed, to ensure that the maximum amount of OH radicals is available for the oxidation of organic compounds (Tang and Huang, 1996 An increase in the initial ferrous iron amount added raised the COD and UV 254 removal efficiencies ( , to find whether reaction times smaller than 120 min, i.e. the time fixed during the whole investigation, would reduce the extent of leachate oxidation. Table 4 shows that organic matter was rapidly degraded by Fenton treatment. Most organic removal occurred in the first 40 min, after which the change of organic compounds became insignificant. Therefore, 40 min of Fenton treatment for this mature landfill leachate would be enough to obtain approximately the same results as obtained in the full 2 h.
Results of BOD 5 and residual COD indicated that BOD 5 /COD ratio increased from 0.01 for the two-fold diluted leachate to 0.15 after 40 min of Fenton treatment, and further reaction did not improve the biodegradability (Fig. 3) .
The optimum conditions for the Fenton process studied were as follows: initial pH 3, H 2 O 2 to Fe 2þ molar ratio of 3, Fe 2þ at 4 mmol L
À1
, and reaction time of 40 min. For a two-fold diluted leachate, under these conditions, COD removal efficiency was 46%, UV 254 removal was 62% and BOD 5 /COD ratio increased from 0.01 to 0.15.
Ozonation
To demonstrate the effect of pH on ozonation process, landfill leachate was subjected to ozonation at pH 5.5, 7, 9 and 11 for 60 min. (Langlais et al., 1991) . Since the oxidation potential of hydroxyl radicals is much higher than the ozone molecule, indirect oxidation is more powerful than ozone oxidation. Thus, the average efficiency for COD removal increased from 18% at pH 5.5 to 49% at pH 11. Goi et al. (2009) obtained similar results when treating a landfill leachate with COD removal efficiencies of 24, 29 and 41% at initial pH 4.5, 8.1 and 11, respectively, with 2.5 g O 3 h À1 and after 240 min of ozonation. TOC removal was lower than COD removal but followed the same tendency. Therefore, further data related to TOC in ozonation will be not shown.
As with Fenton treatment, the lower COD removal compared to UV 254 removal can be explained by incomplete or partial oxidation of organic materials.
By increasing pH, nitrogen-nitrate concentration increased while nitrogen-ammonium decreased, indicating that ammonium was converted to nitrate. Singer and Zilli (1975) also reported that at higher pH values nitrate formation is enhanced by the direct oxidation of ammonium (in the un-ionized form) by ozone. It would be of interest to determine whether or not N-NH 4 þ should be removed before oxidation once ammonium removal spends ozone. Nitrogen-nitrite concentration moderately increased with the initial pH value and is of no concern. Fig. 4 depicts the evolution of COD, BOD 5 and BOD 5 /COD as a function of pH during ozonation. BOD 5 increased from 5 to approximately 18, 23, 24 and 25 mg L À1 at initial pH 5.5, 7, 9 and pH 11, respectively. The biodegradability values obtained at pH 11 are very close to those obtained after 120 min of Fenton treatment at initial pH 3, H 2 O 2 to Fe 2þ molar ratio of 3 and Fe 2þ at 4 mmol L
À1
. The effect of ozone and hydrogen peroxide combination on leachate treatment was explored by adding different amounts of H 2 O 2 prior to the start of ozonation, as presented in Table 6 . According to Staehelin and Hoigné (1982) , the lower limit for the effectiveness of The application of H 2 O 2 /O 3 enhanced the oxidation rate of the landfill leachate compared to ozone alone. These results confirmed that the oxidation of this effluent was mainly due to hydroxyl radicals. COD and aromaticity removals were enhanced from 27% and 44% with ozone only to 72% and 66%, respectively, in the presence of ozone and 400 mg L À1 of hydrogen peroxide, at 5.6 g O 3 h À1 and pH 7. Some authors (Lin et al., 2009; Tizaoui et al., 2007) report that an increase in hydrogen peroxide concentration will not always improve oxidation. In effect, when the applied hydrogen peroxide dose is above the optimum value, H 2 O 2 acts as radical scavenger, suppressing the removal of UV 254 and COD. In this research, that phenomenon was not observed maybe because the optimum hydrogen peroxide dose was not found. This fact indicates the importance of optimising ozonation for a specific leachate.
Considering nitrogenous pollutants, as is shown in Table 6 , nitrogen-nitrate increased and nitrogen-ammonium decreased after 60 min of treatment, confirming that ammonium was oxidised to nitrate. There is not a significant difference between the treatments with O 3 only and with O 3 combined with H 2 O 2 . Wang et al. (2004) used ozone, and ozone in conjunction with hydrogen peroxide for the treatment of a landfill leachate and found a similar behaviour. Nitrogen-nitrite concentration after ozonation proved to be of no concern.
Results of the effect of O 3 only and H 2 O 2 /O 3 on biodegradability are presented in Fig. 5 . Biodegradability improved in both systems; however, the H 2 O 2 /O 3 process presented noticeable higher BOD 5 / COD values. The higher the H 2 O 2 dose, more HO radicals might have been formed and more organic compounds might have been completely oxidised, thus leading to a lower BOD 5 after oxidation with H 2 O 2 /O 3 . The highest BOD 5 /COD ratio was attained with the highest H 2 O 2 concentration tested (400 mg L
). Other studies have also reported improvements in BOD 5 and biodegradability after leachate treatment of leachate with ozone and hydrogen peroxide (Hagman et al., 2008; Tizaoui et al., 2007) . Table 7 presents of pollutants removal as a function of the ozonation time applied to the landfill leachate.
The results indicate that COD and UV 254 removal efficiencies increased faster initially, levelling off after 30 min. It can be hypothesised that in the beginning of the reaction, the easily oxidisable substances are removed. As the oxidation continues, the organic compounds that can be easily oxidised became less available and some generated intermediates become increasingly important scavengers of hydroxyl radicals. Further increase in reaction time leads to a slow change in removal rate and a tendency to attain a plateau indicating the presence of recalcitrant compounds. Therefore, it is not always worthwhile to increase the ozone contact time. The continual decrease in absorbance beyond 30 min, when most organic compounds were significantly removed, might be due to continued degradation of intermediates and organic fragments from the organic compounds.
Comparison of pre-treatments
From the data reported in Sections 3.1 and 3.2, it is possible to assert that both pre-treatments reduced the recalcitrant organic load of the landfill leachate, described in terms of COD, TOC and UV 254 removal efficiency, and increased the BOD 5 /COD ratio. These results indicate that refractory compounds were converted into lower molecular weight substances, which could be easily degraded biologically. Though there was a significant improvement in biodegradability, a BOD 5 /COD ratio higher than 0.4, which is the minimum value considered appropriate for the efficient application of a biological treatment (Tchobanoglous and Burton, 1991) , was not achieved for all processes tested, emphasising the highly recalcitrant properties of the landfill leachate studied.
The Fenton treatment and ozonation at adjusted pH 9 and pH 11 showed very similar results, excluding the fact that in ozonation . The simplicity of operation and design as well as the capital and operating costs of Fenton treatment are very attractive compared with other advanced oxidation processes such as ozonation. However, the process presents some drawbacks such as the requirement of acidification and subsequent neutralisation after oxidation is completed, which increases the salinity of the treated leachate and produces sludge, with the subsequent requirement of sludge disposal, all of which may influence operational costs.
The best COD, TOC and UV 254 removal efficiencies, and higher BOD 5 /COD ratios were achieved by the application of ozone combined with hydrogen peroxide, for concentrations of 200 and 400 mg H 2 O 2 L À1 . Probably, coupling the Fenton treatment and ozonation with other treatment technologies would ensure a BOD 5 /COD ratio higher than 0.4 before the biological treatment, without significantly increasing operation costs. In the treatment of a landfill leachate, Goi et al. (2009) applied the Fenton treatment followed by ozonation, as well as coagulation combined with the Fenton treatment, and obtained high BOD 5 /COD values. Bila et al. (2005) and Wang et al. (2009) also applied ozonation and Fenton treatment, respectively, preceded by the coagulation/flocculation of colloids and found significant biodegradability improvements.
Operating costs
A rough economic analysis of the operating costs associated to each AOP studied, such as costs of reagents, the costs of reagents required to adjust the pH and energy, was performed. It is important to note that this analysis is just an approximate tool to differentiate the trends in the operating costs associated to the use of each oxidation system. A rigorous economic analysis should consider the initial investment, prices at plant scale, maintenance and labour costs, etc.
It was assumed that the cost of a power unit was 0.09 V kWh À1 ; the cost of reagents was: 0.179
O 2 ; and the operating time was 40 and 30 min for Fenton (at optimum determined conditions) and ozone experiments, respectively. The calculated cost figures are summarised in Table 8 .
The results show that the Fenton process offers the lowest operating cost for the treatment of the landfill leachate studied. Considering experiments with ozone, the best results were achieved when hydrogen peroxide was added at concentrations of 200 and 400 mg H 2 O 2 L À1 . It must be emphasised that ozonation always requires significantly higher initial investment than the Fenton treatment. However, as stated previously, Fenton oxidation generates sludge, which can be easily separated from the leachate but requires thickening and, consequently, additional investment and operating costs.
Since fine-tuning the operating conditions could considerably change the operating costs obtained, and probably the optimum hydrogen peroxide dose to the H 2 O 2 /O 3 process was not determined, it can be supposed that at the finest concentration of H 2 O 2, the O 3 /H 2 O 2 process would compete satisfactorily (in terms of operation costs) with the Fe 2þ /H 2 O 2 system.
Conclusions
The results indicate that Fe 2þ /H 2 O 2 , O 3 /OH À and O 3 /H 2 O 2 processes, comparatively to ozone at natural and neutral pH values (5.5 and 7), resulted in higher COD, TOC and UV 254 removal efficiencies and improvement of landfill leachate biodegradability. Although these processes produced significant amendment in leachate quality, a BOD 5 /COD ratio of 0.4, considered as a minimum to implement an effective biological treatment, was not achieved, which indicates the refractory nature of the landfill leachate. Ozone in combination with hydrogen peroxide 400 mg L À1 was found to be the best oxidation approach tested. COD removal reached 72% and BOD 5 /COD ratio increased from 0.01 to 0.24. For comparison purposes only, estimates of operating costs were calculated. It was found that Fe 2þ /H 2 O 2 was the most economical system (8.2 V m À3 g À1 of COD removed) to treat the used landfill leachate. Future work should focus on optimising the mature landfill leachate pre-treatment, including the Fenton treatment and/or ozonation at alkaline pH or combined with hydrogen peroxide, in order to obtain a more biodegradable leachate, which could be followed by biological treatment. Evaluation of costs should also be further investigated prior to practical implementation. 
